Abstract Aneuploidy and chromosomal instability frequently co-exist, and aneuploidy is recognized as a direct outcome of chromosomal instability. However, chromosomal instability is widely viewed as a consequence of mutations in genes involved in DNA replication, chromosome segregation, and cell cycle checkpoints. Telomere attrition and presence of extra centrosomes have also been recognized as causative for errors in genomic transmission. Here, we examine recent studies suggesting that aneuploidy itself can be responsible for the procreation of chromosomal instability. Evidence from both yeast and mammalian experimental models suggests that changes in chromosome copy number can cause changes in dosage of the products of many genes located on aneuploid chromosomes. These effects on gene expression can alter the balanced stoichiometry of various protein complexes, causing perturbations of their functions. Therefore, phenotypic consequences of aneuploidy will include chromosomal instability if the balanced stoichiometry of protein machineries responsible for accurate chromosome segregation is affected enough to perturb the function. The degree of chromosomal instability will depend on specific karyotypic changes, which may be due to dosage imbalances of specific genes or lack of scaling between chromosome segregation load and the capacity of the mitotic system. We propose that the relationship between aneuploidy and chromosomal instability can be envisioned as a "vicious cycle," where aneuploidy potentiates chromosomal instability leading to further karyotype diversity in the affected population.
Introduction
The genome of each eukaryotic species is divided into a certain number of chromosomes. This number is specific for a given species, but varies widely among species. Even closely related species may have different numbers of chromosomes; for example, humans have 46 chromosomes while chimpanzees have 48, even though the genome sequences are ∼98.8 % identical on the DNA level [1] . Most species of the animal kingdom, with few exceptions, are diploid, which means each of their chromosomes has a pair, and this balanced chromosome number is called euploid. On a macro evolutionary scale, heritable and stable change in chromosome number (the "new euploid") has long been thought to abet the emergence of new species [2] .
Aneuploidy is an unbalanced change in chromosome number on a cellular or organismal level, when certain chromosomes no longer come in pairs. In an aneuploid cell, the total chromosome number is increased or reduced compared to the normal euploid genome of a given biological species. Chromosome instability refers to the lack of capacity to maintain the same chromosome number from one cell generation to the next. While aneuploidy, especially in cancer, is often a product of chromosomal instability, these two concepts are not equivalent. That is, if a cell is aneuploid it does not necessarily imply that it is also chromosomally unstable and will not pass on its exact chromosome number to its offspring. However, aneuploidy and chromosomal instability frequently coexist, which may underlie very complex and diverse aneuploid karyotypes in high-grade tumors.
Aneuploidy and chromosomal instability have both been recognized as hallmarks of cancer [3, 4] and a source of genetic variation fueling tumor adaptation to stressful environments, Authors Tamara A. Potapova and Jin Zhu contributed equally to this work. the host's immune response, and cytotoxic effects of anticancer drugs. There is little doubt that continuous genetic change is one of the key factors that underlies the adaptive evolution of malignant cells. The continuous change in cancer genomes makes cancer a "moving target" for defensive responses of the host or attacks of anticancer treatments. In cancer research, both aneuploidy and chromosomal instability have received much attention. However, it has been difficult to dissect the exact relationship between aneuploidy and chromosomal instability because in addition to complex aneuploid karyotypes, cancer cells typically carry a wide variety of genetic and epigenetic alterations compared to non-cancer cells. As such, it is difficult to determine the extent by which aneuploidy contributes to any specific phenotype or genome instability associated with cancer. Studies in experimental models such as yeast, plants, and cultured non-malignant mammalian cells have begun to elucidate the alliance of aneuploidy and chromosomal instability.
This review is focused on the effect of aneuploidy on chromosomal instability. In other words, is the relationship between chromosomal instability and aneuploidy inadvertent or are they locked in a vicious cycle? A vicious cycle occurs when either problem, aneuploidy or chromosomal instability, has a high likelihood of exacerbating the other. We will discuss recent studies on the cause-effect relationship between aneuploidy and chromosome instability in the budding yeast and mammalian cells and speculate on the implication of these findings in cellular evolution.
Elevated chromosomal instability in aneuploid yeast and plants
In unicellular eukaryotic organisms such as the budding yeast Saccharomyces cerevisiae, aneuploidy is not uncommon and exists in natural populations. All budding yeast disomies are viable except disomy VI [5, 6] . Although standard laboratory yeast strains are maintained as haploid or diploid, yeast strains isolated from the wild are often polyploid and/or aneuploid [7] . In some mutant strains, aneuploidy arises spontaneously and has been observed in a considerable portion of the yeast ORF deletion library [8] . In laboratory settings, aneuploid strains of yeast can be artificially generated using various methods, such as sporulation of triploid or pentaploid strains, or by means of conditional centromere, where a centromere on a specific chromosome is transiently turned off causing mitotic non-disjunction [5] .
In the field of yeast genetics, the idea that aneuploid strains have higher rates of genomic instability than isogenic euploid counterparts has a long history. In 1970, Parry and Fox generated a series of aneuploid strains using triploid meiosis strategy. They noticed that extra chromosomes in these strains were prone to elimination [9] . Ten years later, Campbell and colleagues reported that aneuploid strains generated by triploid meiosis experienced repeated chromosome loss [10] . Two recent studies of strains obtained from triploid or pentaploid meiosis also found that many aneuploid strains displayed various degrees of chromosome instability [11, 12] . In a recent study of disomic strains, the rate of chromosome missegregation, inferred from the loss of an artificial chromosome, was found to be elevated in 9 out of 13 disomic strains compared to the euploid control strain [13] . Monosomic yeast strains (referring to a diploid losing a single copy of a particular chromosome) have also been shown to exhibit increased chromosomal instability and tend to restore their diploid chromosome number, albeit at different rates with different monosomes. For instance, chromosome VIII monosomes restore their diploid karyotype after 22 generations, whereas monosomic V cells become diploid much more quickly [14, 15] .
A new study attempted to estimate the rate of chromosomal instability in aneuploid yeast obtained via triploid meiosis in order to identify genome-level and chromosome-specific determinants of chromosomal instability. This study showed that chromosome instability correlated with cellular ploidy, i.e., aneuploids with DNA content closer to the haploid state tend to be more stable than those between 1.5 and 2 N. In addition, chromosomal instability was found to be associated with copy number imbalance between specific chromosome pairs. For instance, strains with balanced gains of Chromosome VII and Chromosome X were more likely to be stable than strains where these chromosomes have different copy numbers [16] . The mechanisms behind these observations are discussed further below.
In plants, unlike animals, whole chromosome aneuploidy seems to be tolerated on an organism level. For instance, in the model organism Arabidopsis thaliana all possible trisomies have been isolated [17] , although chromosome stability has not been investigated extensively during vegetative growth in these plants. An example of increased chromosomal instability in an aneuploid plant came from a study in a trisomic tobacco line that was engineered to have kanamycin resistance maker gene on the trisomic chromosome [18] . When plants were regenerated from single cells of the trisomic tobacco, some of the clones were kanamycin sensitive, suggesting loss of the chromosome locus carrying the resistance gene. This was not observed in euploid plants carrying kanamycin resistance on the same chromosome, indicating that the trisome, but not its euploid counterpart, was genomically unstable.
3 The effect of aneuploidy on chromosome instability in mammalian organisms Does aneuploidy also promote chromosomal instability in mammalian cells? Arguments for and against this idea are decidedly nontrivial, partly because in mammals whole chromosome aneuploidy is poorly tolerated on an organism level. In the most commonly used mammalian model organism-a mouse, every single whole chromosome gain or loss results in embryonic lethality [19] . In humans, the loss of any autosome is universally fatal, and so is the gain of any autosomes except for chromosomes 13, 19 , and 21. Yet on a single cell level, wrong chromosome number can be tolerated as in tumors, where aneuploidy and chromosome instability are very typical. However, malignant cells frequently carry mutations and epigenetic alterations in genes important for the fidelity of genome transmission. In addition, cancer cells frequently have supernumerary centrosomes that interfere with accurate chromosome segregation in mitosis. Therefore, it is difficult to separate the impact of specific changes in chromosome number from other coexisting genetic and epigenetic alterations in cancer cells. One strategy to adequately assess effects of aneuploidy on genomic stability would be to use experimental systems with either naturally occurring or artificially created specific chromosome aneuploidies.
Investigating genomic instability in naturally occurring congenital aneuploidy of non-cancer origin is also challenging because most whole chromosome aneuploidies in humans are fatal, and all mouse trisomies are embryonic lethal. However, some human aneuploidies can be viable but cause congenital pathologies: trisomy 21 (Down syndrome), trisomy 18 (Edwards syndrome), trisomy 13 (Patau syndrome), and variation in the copy number of sex chromosomes. Few studies addressed the issue of genomic instability in these disorders. In one study, lymphocytes isolated from individuals with trisomies 13, 18, and 21 were treated with phytohaemagglutinin (PHA), which stimulates proliferation, and were then subjected to ploidy analysis by FISH using probes for three different autosomes-8, 15, and 18. For each of these chromosomes, samples from trisomic individuals had a twofold higher number of aneuploid cells compared to healthy euploid individuals [20] . In another study, the same group analyzed PHA stimulated lymphocytes from patients with monosomy X (Turner syndrome). The number of aneuploid cells in this monosomy was almost twice the control [21] . Interestingly, these studies observed more frequently monosomies than polysomies.
Increased rates of chromosomal instability observed in these studies may be relevant to elevated risks of certain malignancies in congenital aneuploidy patients. For instance, children with Down syndrome have a high risk of acute myeloid leukemia, particularly the megakaryoblastic subtype [22] . Turner and Edwards syndromes are usually fatal, but a small number of children who survive with Edwards syndrome are at risk of developing Wilms' tumor, a form of kidney cancer. Women with Turner syndrome have an increased risk of gonadoblastoma, childhood brain tumors, and possibly other malignancies [23] .
In the instance of sex chromosome aneuploidy-triple X, multiple Y, and XXY (Klinefelter's syndrome), there have been no studies purposely addressing chromosomal instability. However, men with Klinefelter syndrome reportedly have elevated risks of several malignancies-such as lung cancer, breast cancer, and non-Hodgkin's lymphoma [24] , whereas the rates of cancer incidence among men with Y polysomy were reported to be not different from the general population [25] . Although the number of studies exploring genomic instability in human trisomies is limited, existing data suggest that cells from patients with Down, Edward, Turner, and Patau syndromes may be karyotypically less stable than cells from normal diploid individuals.
It is possible to introduce specific chromosome gain in cultured mammalian cells, but this approach has its own challenges. Primary cells that are diploid and karyotypically stable can be difficult to work with because of their limited proliferative ability. Historically, most of the immortal human tissue culture cell lines were derived from various cancers. Unlike primary cells from normal tissues, cancerderived cell lines typically carry multiple chromosomal aberrations and display various degrees of genomic instability possibly as a result of the malignant transformation. There are, however, some cancer-derived cell lines that have relatively stable and near-diploid chromosomal number, such as HCT116 and DLD-1 (both derived from colon cancer). Non-malignant human cells immortalized by the expression of telomerase (hTERT), such as RPE1, are another source of genetically stable, diploid cell lines that can be used as the starting point for studying whole chromosomal aneuploidy in vitro.
Introducing extra copies of specific chromosomes without bringing in other chromosomes and extra centrosomes is possible by classical technique termed "microcell-mediated chromosome transfer." This technique allows transferring a whole chromosome from a donor cell line into a recipient cell line in a form of membrane-covered micronucleus [26] . Several studies implemented this technique to incorporate extra chromosomes in established cell lines. For instance, an extra copy of chromosome 8 was introduced in diploid human fibroblasts using this technique. With passages, these originally trisomic cells developed numeral chromosomal changes and structural aberrations such as gaps, breaks, and diplochromosomes (chromosomes consisting of four chromatids instead of the normal two) [27] . In a similar study, an extra copy of chromosome 3 was introduced into the genome of KH39 cell line derived from renal cancer. This cell line is aneuploid with a modal number of 51 chromosomes (and two copies of chromosome 3), but was shown to maintain its characteristic karyotype throughout multiple passages. With introduction of an extra copy of chromosome 3, these cells acquired chromosomal copy number instability and structural aberrations such as breaks in pericentromeric regions [28] .
Another approach to evoke aneuploidy is through induction of chromosome missegregation during mitosis. In one study, aneuploid HCT116 cells were generated by transient treatment of mitotic cells with the microtubule depolymerizing drug nocodazole, the mitotic kinesin Eg5 inhibitor monastrol, or by depletion of microtubule-depolymerizing motor MCAK [29] . This approach presumably works through high rate of chromosome missegregations resulting from merotelic kinetochore/microtubule attachments, when a single kinetochore is erroneously attached to microtubules from both poles of the mitotic spindle. Merotelically attached chromosomes tend to escape the mitotic checkpoint surveillance and either segregate toward the wrong spindle pole or lag behind the rest of segregating chromatids during anaphase. The latter frequently results in chromosomes being trapped in the cleavage furrow during cytokinesis, leading to abscission failure and tetraploidy. Subsequent mitosis in tetraploid cells is highly error-prone and produces grossly aneuploid cells. Aneuploid HCT116 cells generated by creating merotelic attachments in this study exhibited high-level chromosome instability, which lead to karyotype diversity. In this study, chromosome instability was assayed by counting chromosome spreads and number of LacO-GFP spots incorporated in a certain chromosome [29] .
Although the results discussed above suggest that aneuploid mammalian genomes are unstable, other studies that utilized aneuploid human cells generated by microcellmediated chromosome transfer or trisomic mouse embryonic fibroblasts derived from early embryos did not report increased chromosomal instability. For instance, trisomy 3, 7, and 13 created in near-diploid colon carcinoma DLD1 cells by microcell mediated chromosome transfer, and trisomy 3 created in diploid human hTERT mammary cells have stable chromosome numbers as assayed by spectral karyotyping (SKY) and array-based comparative genomic hybridization (aCGH) [30] . Similarly, HCT116 cells made triand tetrasomic for chromosomes 3 and 5, and RPE1 cells trisomic for chromosomes 5, 12, and 21 were not reported to be unstable as assayed by aCGH and chromosome-specific FISH probes [31] . Mouse embryonic fibroblast cell lines trisomic for chromosomes 1, 13, 16, and 19 also were not found to be unstable before immortalization (examined by SKY and aCGH) [32] .
All in all, while there are indications that aneuploidy per se may evoke chromosomal instability, there is also evidence inconsistent with this notion. These discrepancies may have several causes. First, different chromosome aneuploidies may have distinct impacts on chromosome instability. This would be in line with findings in budding yeast, where chromosome instability is associated with certain genome level and chromosome-specific determinants. However, in the case of trisomy 3 and 21, their effect on karyotype stability was not the same in different studies [20, 28, 31] .
Another possible source of discrepancy may lie in the use of different analytical methodologies to assess karyotypes. For instance, aCGH examines karyotype in a population and may not adequately reflect variation on the single-cell level. Counting chromosomes in metaphase spreads gives an idea of a total chromosome number and major structural aberrations, but does not identify which chromosome is altered. SKY, while being a definitive and high-resolution singlecell technique, is labor-intensive and costly, which makes it difficult to use for sufficient statistics.
It is also possible that the impact of an extra chromosome may vary in different tissues or in vitro cultured cell lines. All things considered, more comprehensive studies that examine karyotype dynamics in aneuploid cells on the single-cell level are needed. To accurately track genomic changes, the karyotype needs to be followed throughout multiple generations. Unless karyotype dynamics can be accurately tracked, measuring precise rates of genomic instability will continue to present a challenge.
Effect of aneuploidy on the gene expression
Understanding the link between aneuploidy and chromosome instability on a mechanistic level requires identifying the effects of changes in chromosome copy number on the mRNA and protein composition of the cell. Studies of the yeast transcriptome showed that genes on aneuploid chromosomes are expressed, and for the majority of genes their expression level scales proportionally to the chromosome copy number (cis-effect). That is, genes on a disomic chromosome usually showed a twofold increase in transcript abundance, while genes on a monosomic chromosome showed a 0.5-fold decrease, compared to their isogenic strains [6, 12, 33, 34] . However, there were a small number of genes throughout the genome that showed a disproportionate increase or decrease in mRNA levels relative to the chromosome copy number change (trans-effect) [12, 34] . Transcriptional regulatory network analysis of disproportionately expressed genes revealed enrichment for direct and indirect targets of transcription factors encoded on aneuploid chromosomes. This suggests that the trans-effect may be partially explained as the consequence of cismediated expression alteration of upstream transcription factors.
The question of whether or not the amount of mRNA from genes located on aneuploid chromosomes scales with chromosome dosage in mammalian cells has been baffling researchers and physicians for some time, in their quest to understand the molecular basis for congenital aneuploidy disorders such as Down syndrome. The advent of microarray technology at the beginning of the twenty-first century enabled genome-scale gene expression analysis, and because of the disease relevance, the mRNA analysis from patient studies preceded studies in model organisms. Early microarray studies of human fetal brain from trisomy 21 and primary astrocytes derived from trisomy 21 specimens showed a chromosome-wide increase in transcription for genes located on chromosome 21 compared to euploid cells [35, 36] , consistent with the cis-effect that was demonstrated in yeast. However, a later microarray analysis of lymphoblastoid cells derived from adult Down syndrome patients showed that in this experimental setup, only about 30 % of the transcripts from chromosome 21 increased in abundance proportionally to the copy number, while other transcripts were either unchanged or varied among patients [37] . This finding implies that at least in the case of human trisomy 21, there may be tissue and/or age-specific mechanisms dampening gene expression changes caused by aneuploidy chromosome dosage.
Another early microarray study investigated gene expression in induced trisomic colon carcinoma DLD1 cells, where extra chromosomes 3, 7, or 13 were inserted by microcell mediated chromosome transfer [30] . The expression of genes located on trisomic chromosomes was overall proportional to the increase in chromosome copy number. However, this study also identified additional misregulated genes throughout genomes, located on different chromosomes. There was no overlap among genes deregulated in each of these trisomies, possibly consistent with the transeffect seen in aneuploid yeast strains. More recent microarraybased measurements of gene expression in trisomic MEFs [32] and trisomic HCT116 cells [31] also agree that the level for most transcripts expressed from aneuploid chromosomes varies proportionally to the copy number of that chromosome. Nevertheless, as in DLD1 cells [30] , few deregulated genes located on various chromosomes were also found. In mammalian cells, the basis for this transcriptional deregulation of a small number of genes that are not located on aneuploid chromosomes is entirely unclear.
Since the increase in chromosome copy number results in largely proportional buildup of transcripts from these chromosomes, the question arises whether the expression of proteins follows the pattern of DNA and mRNA dosage variation in aneuploid cells. Using budding yeast as a model system, this question was recently addressed directly by two quantitative proteomics studies. The study that utilized aneuploid yeast strains generated by triploid meiosis showed, by using the Multidimensional Protein Identification (MudPIT) technology, that in these freshly generated aneuploid strains the relative expression level of proteins encoded on aneuploid chromosomes is, in general, proportional to the relative DNA and mRNA levels. However, there were also outliers whose expression changes are far beyond those predicted from chromosome copy number change [12] . Similarly, proteomic analysis of disomic yeast strains using the Stable Isotope Labeling with Amino Acids in Cell Culture (SILAC) technology also found that the relative level of the majority of proteins encoded on aneuploid chromosomes scales proportionally to the relative chromosome copy number. However, this study identified a higher fraction of proteins whose levels did not scale with ploidy. Bioinformatics analysis showed that many proteins in this group of outliers were annotated as components of protein complexes [38] . The difference between the two studies in the fraction of proteins whose concentration do not scale with chromosome dosage can be attributed to distinct proteomics methodologies (MudPIT vs. SILAC) or the different ways of generating and maintaining aneuploid strains [12, 38] . Does the expression of proteins follow the pattern of DNA and mRNA in mammalian aneuploid cells? So far, only one study has addressed this question in human trisomic and tetrasomic tissue culture cells, as mentioned above. Proteomic analysis by SILAC in HCT116 cells found that the majority of proteins encoded on aneuploid chromosomes in tri-and tetrasomic cell lines were more abundant than in isogenic diploid cell lines. However, about 25 % of proteins encoded on aneuploid chromosomes were found in lower amounts than expected based on the chromosome copy number. Protein kinases and components of large macromolecular complexes were overrepresented among the latter category [31] . This observation suggests that there may be mechanisms that correct for the altered component stoichiometry of protein complex. Explanations for the phenomenon of "correcting" protein concentrations may be quite complex. How might a cell detect that a certain protein may be in excess? Does this reflect the existence of a surveillance mechanism sensitive to the proteins' catalytic properties, stoichiometric ratios in relation to their interaction partners, or both? It is also possible that overexpressed protein subunits are not fully incorporated in native complexes and thus are more prone to be degraded as free monomers via the ubiquitin-proteasome pathway.
Of note, this pioneering study explored the DNA-RNAProtein relationship in the condition of "chronic" aneuploidy, where aneuploid cell lines were selected to survive and proliferate while maintaining a certain extra chromosome throughout multiple passages. It is likely that these cell lines may have evolved compensatory or stress-coping mechanisms to alleviate their persistent gene dosage disarray. It is also possible that similar compensatory mechanisms may help aneuploid cancer cells to thrive. However, chromosomally unstable aneuploid cells will always bear some acute changes in their genome, transcriptome, and proteome with every erroneous cell division. Whether the same or different mechanisms operate in response to acute or chronic aneuploidy is an important question for future research.
How perturbations in gene dosages can cause chromosome instability
The impact of aneuploidy on gene expression implies that variation in chromosome copy number may lead to altered stoichiometry of proteins that interact physically or functionally. Stoichiometric perturbations of protein interaction networks involved in chromosome segregation machinery or mitotic spindle checkpoint can easily lead to chromosome missegregation and more aneuploidy (Fig. 1) . A profound example of this comes from a recent study in aneuploid budding yeast, which showed that changes in copy number of chromosome VII and X perturbed the ratio of essential mitotic checkpoint complexes Mad1 and Mad2. Consequentially, this weakened the mitotic checkpoint and lead to chromosomal instability [16] . In yeast, the MAD2 gene is located on chromosome X, and MAD1 on chromosome VII. Maintaining the 1:1 stoichiometry of Mad2:Mad1 proteins in the cell is essential for stringent mitotic checkpoint surveillance mechanism that monitors unattached or improperly attached kinetochores [39] . Aneuploid strains that gained copies of both chromosomes VII and X together were karyotypically more stable than when the copy number of these two chromosomes was nonequivalent. Measuring the Mad2:Mad1 ratio in various aneuploid strains derived from triploid meiosis revealed that in many highly unstable aneuploid strains Mad2:Mad1 ratio was 0.5, whereas aneuploid strains that were relatively stable had a Mad2:Mad1 ratio close to 1. This example illustrates how a dosage imbalance between specific chromosome pairs could alter the stoichiometry of a functional protein complex and evoke chromosome instability.
Notably, this study also found that aneuploid yeast cells with only few extra chromosomes (near-haploid) tended to be more karyotypically stable than those with many extra chromosomes (near-diploid). In other words, the more aneuploid the karyotype was, the higher was its propensity to be unstable in general. A possible explanation for this is that in yeast, the capacity of the mitotic machinery is insufficient for accurate segregation of too many extra chromosomes.
There is yet to be a study in a mammalian system showing that aneuploidy-based gene dosage imbalances cause genomic instability. Nevertheless, there is ample evidence that changing stoichiometric ratios of components of protein complexes or proteins with structural or regulatory roles could have dramatic functional effects on biological processes. There are multiple cellular processes whose malfunctioning can manifest in chromosomal instability, all of which cannot be comprehensively covered in this review. Below we will discuss some instances where imbalance of gene dosages affects accuracy of chromosome segregation in mitosis.
The spindle assembly checkpoint is a complex biological mechanism that ensures faithful segregation of sister chromatids to opposite spindle poles during cell division [40] . Genes Fig. 1 Perturbations of mitotic protein machinery lead to chromosome instability. During mitosis condensed chromosomes (violet) form stable kinetochore (blue)-microtubule (green) attachments, align on the metaphase plate, and then segregate to opposite spindle poles in anaphase. Gene dosage imbalance can lead to defects in spindle assembly checkpoint and proper formation of the mitotic spindle. Spindle assembly checkpoint is a surveillance mechanism that generates the "delay anaphase" signal in response to unattached kinetochores. Defects in spindle assembly checkpoint allow anaphase to proceed despite the presence of a misaligned chromosome (yellow) whose kinetochores (red) are not stably attached to microtubules. Unattached sister chromatids cannot segregate to opposite spindle poles during anaphase and wind up in one of the daughter cells. Merotelically attached chromosome (magenta), where a single kinetochore is attached to microtubules from both spindle poles, can be a consequence of defects in mitotic spindle formation and microtubule dynamics. Merotelic attachments can evade mitotic spindle checkpoint surveillance but form lagging chromosomes that tend to missegregate and can disrupt the last step in cytokinesis-abscission. The failure to segregate properly leads to altered chromosome copy number in daughter cells: both copies of the unattached or lagging chromosomes end up in one cell while the other cell lacks a copy. Unattached and lagging chromosomes can form micronuclei-detached minute nuclei consisting of de-condensed DNA from missegregated chromosomes surrounded by the nuclear membrane. Micronuclei are prone to having defects in DNA replication, which adds to genomic instability. Chromosome missegregations, as well as protein dosage imbalances, can lead to cytokinesis failure and formation of tetraploid cells which are binucleate and contain twice the number of centrosomes (orange) as diploid cells. Tetraploid cells can also have micronuclei involved in mitotic checkpoint have been extensively studied in vitro and in mouse models. Mouse models expressing haploinsufficient and/or hypomophic alleles of mitotic checkpoint components such as Mad1 [41] and Mad2 [42] , Cenp E [43] , Bub1 [44] , BubR1 [45] , Rae1 [46] showed increased chromosome instability and aneuploidy in all cases. Interestingly, the spectrum of tumors induced in each case varied widely, and not all of these mouse models were tumorogenic, indicating that the relationship between chromosome instability and malignant growth is complicated.
Reduced expression of mitotic checkpoint components can partially mimic the effect of decreased gene dosage in an event of a chromosome loss. However, in cancer karyotypes chromosome gains are frequent, and many cancers are hyperploid-i.e., have a greater chromosome number than the normal euploid [47] . Therefore, cancer cells may be characterized by increased, not decreased, gene dosages which can equally perturb the ratio of components of functional protein complexes. Consistent with this, overexpression of some mitotic checkpoint gene products such as Mad1 [48] , Mad2 [49] , Bub1 [50] and their downstream targets separase [51] and securin [52] also leads to chromosomal instability and frequently escalates tumor formation. While these effects of protein overexpression can be attributed to the dominant gain of function, they can equally be impacted by the gene dosage imbalance.
In the case of Mad1 overexpression, increased dosage of this essential mitotic checkpoint component actually weakens the checkpoint by sequestration of its binding partner Mad2 [48] . Mad 2 overexpression, on the other hand, presumably caused overactive mitotic checkpoint and high frequency of lagging chromosomes [49, 53] . These effects of Mad2 overexpression could be due to overly stable kinetochore-microtubule attachments brought about by partially displacing Aurora B from the inner centromere [54] . In cells overexpressing the mitotic kinase Bub1, spindle checkpoint was not defective. Yet, chromosomes were frequently misaligned during metaphase and lagging in anaphase, resulting in near-diploid aneuploidies. A possible mechanism for chromosomal instability here involves elevated activity of Aurora B, mitotic kinase regulated in part by Bub1 [55] .
Changing dosages of other protein components of mitotic machinery that do not play a direct role in mitotic checkpoint can also cause chromosome segregation errors and subsequent aneuploidy. For instance, altering dosages of mitotic kinesins Kif2b and MCAK that regulate microtubule dynamics in the mitotic spindle increases frequency of merotelic kinetochore-microtubule attachments [56, 57] .
As mentioned earlier, merotelically attached chromosomes tend to be "invisible" to mitotic checkpoint and can either missegregate or form lagging chromosomes. Lagging chromosomes can be torn apart during cytokinesis, and result in double-stranded DNA breaks leading to chromosome structural aberrations in daughter cells such as unbalanced translocations [58] . Lagging chromosomes frequently form micronuclei, which tend to have defects in DNA replication. Incompletely replicated chromosomes trapped in micronuclei can become "pulverized"-broken in pieces-during the subsequent mitosis [59] . However, "pulverized" chromosomes may also be a consequence of surviving chromosome fragmentation, which is an unusual type of mitotic cell death that can occur spontaneously or may be induced by chemotherapeutic agents [60] .This chromosome "pulverization" was proposed to be linked to chromotrypsis-a form of genomic instability where a chromosome does not change its copy number but becomes rearranged as clusters of its own genetic material get stitched together in a random order [61, 62] .
6 Cytokinesis failure and the tetraploidy route to chromosome instability Another major source of chromosome instability is tetraploidy, which can result from cytokinesis failure, mitotic slippage, and cell-cell fusion. In mammalian mitosis, cytokinesis is, arguably, the most error-prone step. Cytokinesis is the final step in cell division when the mother cell separates into two daughter cells. It involves a concerted action of cytoskeleton machinery, membrane trafficking, protein dynamics, and signaling pathways [63] . The complexity of this process makes it vulnerable to stoichiometric changes in the proteins involved, and the knockdown of numerous different proteins can cause cytokinesis to fail, leading to formation of binucleate cells. One interesting yet controversial study showed that chromosome missegregation per se (specifically missegregation of chromosomes 8 and 12) can cause cytokinesis to fail at the last stage-abscission [64] . The reasons for that were not entirely clear, but it did not involve chromatin bridges stuck inside the midbody. In light of the unbalanced stoichiometry idea, this phenomenon may be explained by proteomic changes in aneuploid daughter cells that compromise the abscission process. Abscission occurs in G1 stage of the cell cycle when gene transcription is resumed, and possibly requires newly synthesized proteins. Chromosome 8 contains a poorly characterized gene BIN3, which has the ability to localize F-actin and may be involved in cytokinesis and abscission [65] . Chromosome 12 contains a number of genes involved in cytokinesis: Rab 35 (a component of the endocytic pathway involved in abscission [66] , Citron kinase (regulates cleavage furrow formation through binding a key GTPase RhoA and [67] ) and MgcRacGAP-a GAP for RhoA [68] . Dosage perturbations of these genes may have predisposed cells to the high rate of abscission failure observed in that study.
Cytokinesis can also fail when a lagging chromosome gets stuck in the cleavage furrow. Nearly all chromosome segregation problems discussed above, either from mitotic spindle checkpoint defects or merotelic kinetochoremicrotubule attachments, can produce lagging chromosomes in anaphase. Lagging chromosomes can easily become jammed in the cleavage furrow, resulting in chromatin bridges trapped inside the midbody. Structural chromosomal defects that are consequences of preexisting genomic instability, such as dicentric chromosomes [69] or double-stranded DNA breaks repaired by non-homologous end joining [70] , also lead to segregation defects manifested in chromatin bridges. Chromatin bridges trapped in the midbody frequently interfere with abscission, causing cleavage furrow to regress and giving rise to tetraploid cells [71] .
Proliferation of tetraploid cells is a major source of genomic instability. Compared to diploid cells, tetraploid cells contain twice the number of chromosomes and centrosomes, which can lead to multipolar spindle formation during the next mitosis. Multipolar mitosis is very inaccurate and gives rise to daughter cells with drastically altered number of chromosomes and supernumerary centrosomes [72] [73] [74] [75] . Sometimes, multipolar anaphases in cells with extra centrosomes are suppressed by centrosome clustering, restoring bipolar mitosis. However, even with centrosome clustering chromosomes often missegregate due to a high propensity for merotelic attachments [76] .
Tetraploidy can be subdivided into acute (developed during most recent cell cycle) and chronic (propagated). Acutely tetraploid cells generated by cytokinesis failure are tumorigenic in immunodefficient mouse models while their diploid counterparts are not [77] . Chronic tetraploidy has been observed in many human cancers and is viewed as an early event in tumorogenesis [78] . However, a recent computational study of somatic DNA alterations in ovarian cancers revealed that genome-doubling events are common throughout cancer progression and in fact frequently occur in cells that are already aneuploid [79] , consistent with the idea discussed above that aneuploidy may promote tetraploidy. Therefore, tetraploidy can be the cause and the consequence of aneuploidy, carrying on the selfpropagating cycle of genomic instability.
Interestingly, polyploidization is a normal physiological process in some tissues or cell types, such as liver or megakaryocytes. Polyploid hepatocytes frequently divide with multipolar spindles thereby reducing their ploidy to near-diploid aneuploidy [80] . In fact, the number of aneuploid cells in human liver is very high [81] . However, aneuploidy in this case does not seem to predispose hepatocytes to malignant transformation but instead promotes Aneuploidy (presence of extra or missing chromosomes) is a consequence of chromosome instability. Alterations in chromosome copy number in aneuploid cells produce proportional changes in the level of transcripts of genes located on aneuploid chromosomes. This largely translates in dosage changes of protein products of these genes, which can alter the balanced stoichiometry of various protein complexes or pathways leading to malfunctioning of corresponding biological processes. Stoichiometric imbalances in protein complexes or regulatory activities involved in mitosis can cause various defects in mitotic spindle formation, mitotic checkpoint, and cytokinesis. These defects can lead to errors in chromosome segregation and tetraploidy, thus elevating the level of chromosome instability and leading to more aneuploidy genetic variation that may be beneficial for the ability of liver to metabolize a diverse variety of substances [82] .
Conclusions and perspective
The evidence discussed above strongly suggests that the relationship between aneuploidy and chromosomal instability can be envisioned as a "vicious cycle," where one potentiates the other (Fig. 2) . This vicious cycle can lead to a rapid broadening of the karyotype diversity in a population, providing the substrate for natural selection. In laboratory strains of yeast, under normal conditions the fittest karyotype is euploid, and induction of aneuploidy generally leads to reduced fitness. However, under unfavorable conditions chromosomal instability can potentiate rapid adaptation via karyotypic diversity. For example, gain of chromosome XV in budding yeast confers resistance to the antibiotic radicicol, while loss of chromosome XVI confers resistance to another antibiotic, tunicamycin. Importantly, inducing chromosome instability surges the number of colonies resistant to these antibiotics [83] . Therefore, chromosomal instability, while being mostly detrimental, may produce karyotypes that are advantageous under certain environmental conditions. Future research may enable the prediction of specific phenotypic consequences for a given karyotype change, which may allow predicting trajectory of the adaptive evolution through chromosome instability.
In cancer, the relationship between aneuploidy and chromosomal instability is much more complicated than in yeast because of the vast diversity and complexity of chromosome aberrations present in malignancies. Nonetheless, advanced cancer generally correlates with progressive karyotypic diversity [84] . Chromosomal instability is a common feature of nearly all types of solid tumors, and the level of the genetic instability within the tumor tends to be proportional to its level of aneuploidy [85, 86] . It is likely that despite the overall complexity of human cancers, aneuploidy and chromosome instability can potentiate each other as they do in yeast, and this vicious cycle plays an important role in tumor evolution. However, it is important to bear in mind that many established cancer cell lines are aneuploid and yet have relatively stable karyotype. In fact, HeLa cells, one of the oldest and most widely used cancer cell lines, are grossly aneuploid yet have a very robust mitotic spindle checkpoint. It is unclear how gene dosages of mitotic checkpoint components are balanced in this case. Either abnormal gene dosages may be compensated on mRNA and/or protein level, or new gene dosage equilibrium emerged that makes this particular aneuploid karyotype have strong mitotic spindle checkpoint capability.
Understanding how aneuploid genomes can acquire and maintain karyotype stability may be an important insight in cancer biology. It is intuitive that karyotypes of aggressive cancers must retain a certain degree of stability to circumvent fitness costs of continuous karyotypic changes. Indeed, a mouse model study demonstrated that whereas heightened chromosome instability promotes tumor formation, exceedingly high levels of instability impair tumor growth [87] .
In yeast studies, the cycle of aneuploidy and chromosome instability has emerged as a powerful engine for adaptive evolution. Yeast can develop various aneuploid karyotypes as long as it presents an advantage in surviving and outcompeting less fit populations. In multicellular organisms, such unabated evolution of individual cells would be vastly deleterious if it was not for the tumor suppressor protein p53. In mammals, p53 is the central component of a signaling pathway that suppresses proliferation of aneuploid cells [88] . Yeast does not have the p53, and their karyotypic diversity is controlled only by relative fitness constraints. P53 pathway essentially prevents aneuploidy-driven evolution of single cells in a multicellular organism, thus acting as a tumor suppressor. Mutations of the p53 gene are detected in more than half of human malignancies [89] . Considering alterations in other p53 network components, p53 pathway is inactivated in most human cancers [90] . Evidently, inactivation of the p53 pathway unleashes tumor evolution, making cancer cells proliferate much like yeast-limited only by their relative fitness. In essence, p53 may be an anti-evolvability invention of multicellularity that breaks the vicious cycle of aneuploidy and chromosome instability by limiting the proliferation of aneuploid cells.
In spite of the enormous amount of research vested in p53 pathway over the years, it is still not entirely clear how p53 is activated by aneuploidy. Nailing it down has been difficult because of the very wide variety of external and internal stresses that can trigger activation of p53 [91] [92] [93] . DNA damage and oxidative stress-powerful p53 inducers-can sometimes accompany aneuploidy, but not always. Trisomic mouse embryonic fibroblasts were reported to show signs of proteotoxic stress that may activate p53 through p38 stress kinase [32, 94] . However, aneuploid cells occur naturally in some tissues such as liver [81] and brain [95] , and it is unknown how these aneuploidies evade p53 detection. Figuring out how p53 recognizes aneuploidy may teach us a great deal about how to break the vicious cycle of aneuploidy and chromosome instability to curb cancer evolution.
